Semiconductors doped with magnetic ion, the so-called diluted magnetic semiconductors, are promising candidates for spintronics. Herein, we report on magnetic anisotropy in Mn:Ge diluted magnetic semiconductor nanowires. We grew single crystal Mn:Ge nanowires vertically on a Ge substrate and found the anisotropy in ratios of orbital to spin magnetic moments in the angle-dependent x-ray magnetic circular dichroism measurements. Our further characterization indicates that this anisotropy comes from the unique characteristics of nanowires, i.e., very high aspect ratio in their shape and tensile stress along the longitudinal direction, which confine the spins along the longitudinal direction and make an easy axis in that direction.
The concept of simultaneously manipulating both charge and spin in a single semiconductor medium leads to the exciting area of spintronics. 1 Semiconductors doped with magnetic ion, the so-called diluted magnetic semiconductors ͑DMSs͒, are promising candidates for such applications. 2 One of the issues in the realization of DMS-based spintronic devices such as the spin-transistor proposed by Datta and Das 3 is achieving carrier-mediated ferromagnetism above room temperature ͑RT͒. Indeed, this ferromagnetism has been reported in some DMS systems including transition metal-doped ZnO, GaN, and Ge. [4] [5] [6] [7] [8] [9] Magnetic anisotropy is another issue in the development of DMS-based spintronics. The anisotropy enables the creation of "0" and "1" states in the system, akin to states in electronic devices, by gating of charge current, and thus makes possible the design of new spin devices, including nonvolatile memory. 10 However, the anisotropy has rarely been realized in DMSs, possibly due to the atomiclike characteristics of magnetic dopants in the DMS system. Exceptionally, Mn:GaAs DMS showed magnetic anisotropy. 11, 12 However, the Curie point is 150 K, too low to realize spinbased devices operating at RT. Such difficulties may be solved by using nanowires. Nanowires offer thermodynamically stable features and are typically single crystalline and defect-free. Thus they safely exclude the effect of defects or nonuniform distribution of dopants that are typically observed in DMSs prepared by nonequilibrium processing ͑e.g., the molecular beam epitaxial process͒. They are thus ideal for achieving carriermediated ferromagnetism without disturbance of defects and secondary phases. Their low dimensionality on a nanometer scale is also ideal for magnetic anisotropy. For example, nanowires have a very high aspect ratio in their shape and are under stress in many cases due to their low dimensionality, 13, 14 and these shape and stress can confine the spins in a specific direction and induce anisotropy, the so-called shape and stress anisotropy. 15, 16 However, many studies on magnetic anisotropy using nanowires have been limited to the magnetic metals. 15, 17 IV-group Mn:Ge nanowires have been interesting due to its compatibility with conventional complementary metal oxide semiconductor ͑CMOS͒ technology as well as magnetic properties. 18 Indeed, RT ferromagnetism in these nanowires have been observed. [6] [7] [8] [9] Meanwhile, magnetic anisotropy in Mn:Ge DMS has not been clearly addressed. [6] [7] [8] Previous study reported the magnetic anisotropy in columnar Mn:Ge. 9 However, Mn dopants in the columnar were inhomogeneously distributed and aggregated as secondary phases and thus it is unclear whether the anisotropy came from doped Mn ions or secondary phases. In the previous study, 7 we synthesized single-crystalline Mn:Ge nanowires showing homogeneous Mn doping and RT ferromagnetism. Based on the study, we investigated the vertically aligned Mn:Ge nanowires using x-ray magnetic circular dichroism ͑XMCD͒ analysis. We observed magnetic anisotropy in ratios of the orbital to spin magnetic moments that may be induced by high aspect ratio and tensile stress along the longitudinal direction of the nanowires.
For studying magnetic anisotropy of nanowires, the vertical growth is essential since it is difficult to characterize the magnetic anisotropy of the nanowires randomly grown on the substrate. We utilized the epitaxial relationship between a substrate and nanowires and successfully grew Mn:Ge nanoa͒ Author to whom correspondence should be addressed. Electronic mail:
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wires vertically on Ge ͑111͒ substrates using the synthesis method described in previous report.
7 Figure 1͑a͒ shows a 45°-tilted view of a scanning electron microscopy ͑SEM͒ image of the Mn:Ge nanowires grown on Ge ͑111͒ in which most of the nanowires are arrayed vertically. Figure 1͑b͒ and its inset also show SEM images of vertically grown Mn:Ge nanowires in a cross-section view, indicating the epitaxial growth of the nanowires in ͓111͔ direction. Structural analysis using high-resolution transmission electron microscopy ͑HRTEM͒ and selected area electron diffraction ͑SAED͒ pattern confirms that the single crystalline nanowires grew in ͓111͔ direction ͓Fig. 1͑c͒ and its inset͔. The compositional analysis using energy dispersive spectroscopy indicated that Mn doping concentration in Ge nanowires is ca. 1.5 at. % from the five individual nanowires, as shown in a previous study. 7 To investigate the magnetic properties of vertically aligned Mn:Ge nanowires in detail, we carried out x-ray absorption spectroscopy ͑XAS͒ and XMCD measurements as a function of measurement angle. The anisotropy of the spin and orbital moments can also be determined by angledependent XMCD. 19, 20 XAS and XMCD measurements were carried out at the elliptically polarized undulator 2A1 beam line of the Pohang Accelerator Laboratory ͑PLS͒. The samples were introduced into an experimental chamber with a base pressure of approximately Ͻ10
−10 Torr and all spectra were obtained in the total electron yield mode. The degree of circular polarization of the incident light was set to be 95%. For alignment of the spin moments in Mn atoms, a 0.5 T magnetic field produced by an electromagnet was applied, which is enough to saturate the magnetization in Mn:Ge nanowires. [7] [8] [9] The measurement started with an angle of 0°, which the incident x-ray beam parallels to the longitudinal direction of the vertically aligned Mn:Ge nanowires, and finished at 40°. The measured temperature for the calculation of orbital to spin magnetic moments was kept at 10 K and all data for the calculation were considered according to two factors for comparing the data in different conditions, i.e., various angles ͑Supplementary Information, Figure S1͒ . 21 The XAS and XMCD measurements of vertically grown Mn:Ge nanowires indicated that their magnetism originated from doped Mn ions; their charge states were largely +2 under tetrahedral ͑T d ͒ symmetry, the same result as shown in the previous study.
7 Figure 2͑a͒ shows the temperature-dependent XMCD measurements ͑M-T͒ of vertically and randomly grown Mn:Ge nanowires measured at the angle of 0°to the substrates for comparison. The M-T curve for two samples was measured when an incident beam was parallel to surface normal of substrate. The dichroism signals at Mn L 2,3 -edge for both Mn:Ge nanowires were measured successfully at all measured temperatures, meaning that the induced host moments are associated with the ferromagnetic ordering of Mn 2+ ions and the ferromagnetic ordering temperature is higher than 300 K in both cases ͑Supplementary Information, Figure S2͒ , 21 as reported in our previous study. 7 As shown in Fig. 2͑a͒ , a remarkable difference is observed between the vertically aligned and randomly grown Mn:Ge nanowires. The intensity of dichroism signals at Mn L 3 -edge from vertically aligned Mn:Ge nanowires increases significantly at all temperature to that of randomly grown nanowires ͑ca. 2.9 times at 10 K and 1.9 times at 300 K, respectively͒. This implies that the nanowires have a magnetic anisotropy. Figure 2͑b͒ shows the ratios of orbital to spin magnetic moments per Mn atom ͑m orb / m spin ͒ at various angles, which were calculated from the integrated XAS and XMCD spectra with the sum rules for vertically aligned Mn:Ge nanowires ͑Supplementary Information, Figure S1͒ . 21 The measurements show that the ratios decrease with angles. This indicates that the Mn:Ge nanowires have magnetic anisotropy. Such m orb / m spin anisotropies have been studied theoretically and experimentally. 19, 20 These studies showed that orbital moment anisotropy contributes to the magnetic anisotropy of materials through spin-orbital coupling. 22 It also showed that anisotropy came from the orbital moment which has a maximum value along the easy magnetic axis. In this regard, the formation of easy magnetic axis is expected in the Mn:Ge nanowires.
It is known that magnetocrystalline ͑lattice orientation͒, magnetostatic ͑shape͒, and magnetoelastic ͑stress͒ energies induce magnetic anisotropy. Among these, lattice orientation may not be important in the magnetic anisotropy since the magnetic ions are dispersed and isolated from each other in the host matrix, so showing atomiclike properties. 11 Therefore, shape and stress anisotropy may play important roles in Mn:Ge DMS nanowires. Although it did not consider DMS nanowires, a previous study on magnetic nanowires indicated that shape anisotropy has a critical role in magnetic anisotropy. 17, 23 Shape anisotropy would also work for Mn:Ge nanowires due to their extremely high aspect ratio of Ͼ4 ϫ 10 2 , though the amount of contribution could not be quantitatively determined at present time.
Meanwhile, studies on Mn:GaAs DMS thin films showed that magnetic anisotropy can also be induced by stress. 11, 24 This magnetoelastic anisotropy arises from the strain ͑and, in turn, stress͒ dependence of the anisotropy constants. It also shows that the magnetic easy axis lies perpendicular to the plane by the compressive stress when the carrier densities are low, while the reverse is true at higher carrier densities. 24, 25 These results imply that the stress in the DMSs has a critical role in their magnetic anisotropy. It is noted that our Mn:Ge nanowires could be under tensile stress along the longitudinal direction as many other nanowires are. 13, 14 Under the condition, the stress will ascribe to the evolution of magnetic easy axis along the growth direction and, in turn, the induction of magnetic anisotropy in the nanowires.
In order to clearly address the stresses in the Mn:Ge nanowires, we characterized them by reciprocal space mapping ͑RSM͒ analysis using high-resolution x-ray diffractometry at the 11A beam line of the PLS. Figure 3 shows HK-mesh contour maps of RSM around Ge ͑220͒ diffraction of Mn:Ge nanowires on Ge ͑a͒ ͑110͒ and ͑b͒ ͑111͒ substrates grown epitaxially and vertically, respectively. The Q X and Q Y , to which the reciprocal lattice units are abbreviated, correspond to H and K, respectively. The RSM analysis using the nanowires grown on Ge ͑110͒ exhibited the two resolved peaks indicated by white and black arrows in Fig. 3͑a͒ . These peaks indicate the existence of two types of planes having an in-plane epitaxial relationship; however, they have different lattice spacing along the ͓110͔ direction. It is clear that the peak indicated by white arrow originated from the substrate. Thus it is reasonable that another peak with a lower index arose from the nanowires grown on the substrate. Figure 3͑b͒ shows an HK-mesh contour map of reciprocal space patterns around Ge ͑220͒ diffraction of Mn:Ge nanowires vertically grown on Ge ͑111͒, and it also shows the same result on Ge ͑110͒. Figure 3͑c͒ shows -2 scans around ͑111͒ and ͑220͒ Bragg positions of Mn:Ge nanowires on Ge ͑111͒ substrate. The Bragg peaks on ͑111͒ and ͑220͒ are intensified by three orders more than an incident beam, and so are sufficiently high; their shapes are also completely symmetrical, indicating that the alignment for the substrate is perfect in the measurements. The inset in the center of Fig. 3͑c͒ shows the diffraction peak from the nanowires in a magnified scale around ͑220͒. The diffraction peaks had been resolved in ͑220͒ Bragg position; however, the resolved peak was not observed around ͑111͒. This might be due to the effect of d ͑planar spacing͒, which increases as sin increases, and so the diffraction peak from the nanowires would be more easily distinguished on a higher index plane.
The lower index peak, indicated by a black arrow in Figs. 3͑a͒ and 3͑b͒ , of the epitaxially grown Mn:Ge nanowires has a maximum intensity exactly at Q X = 1.9652 and Q Y = 1.9646. The smaller H and K values of nanowires indicate the lattice expansion along the surface normal direction. FIG. 3 . ͑Color online͒ ͓͑a͒ and ͑b͔͒ RSM data using Mn:Ge nanowires grown on Ge ͑110͒ and ͑111͒ substrates, respectively. These results mean that the nanowires were epitaxially grown and the spacing of the plane of the nanowires inducting diffraction increases. ͑c͒ -2 scan around ͑111͒ and ͑220͒ Bragg peak positions using Mn:Ge nanowires grown on Ge ͑111͒ substrate. Inset in the center of ͑c͒ shows the diffraction peak from the nanowires around ͑220͒ Bragg peak position in a magnified scale. This is due to tensile stress along the longitudinal direction of nanowires. We estimated the stress level by taking the lattice constant of pure Ge, 5.658 Å, and then calculating the amount of lattice expansion of nanowires with respect to substrate by taking the H ͑or K͒ value, 1.965 and 2, respectively. The lattice expansion of ͑110͒ plane, only the direction perpendicular to the substrate surface, of the Mn:Ge nanowires grown on Ge ͑110͒ was calculated as 1.78% with respect to the substrate. By assuming the elastic modulus of 126 GPa for Ge, 26 we roughly estimated the tensile stress along the longitudinal direction to be about 2.24 GPa. Our RSM analysis indicates that there is a high level of tensile stress along the nanowires. It is believed that the observed tensile stress in the nanowires is developed by the surface tension. 13, 14 One can also consider that the Mn doping could induce the stress; however, because it was reported that the lattice constant changed only about 0.46% when Mn doping concentration was up to 6.3%, 27 the effect of Mn doping on stress could be neglected in our doping level.
Overall, our characterization indicates that vertically aligned Mn:Ge nanowires showed magnetic anisotropy. This anisotropy comes from both the shape of the nanowires and the tensile stresses evolved in the nanowires that induce magnetic anisotropy by confinement of spin along the longitudinal direction and make an easy axis in that direction, as the MCD analysis showed. It is noted that m orb / m spin anisotropy was observed from the tetrahedral symmetry of Ge crystal structure. Meanwhile, Mn:GaAs thin film, which also has same tetrahedral symmetry, showed zero this anisotropy although showing magnetic anisotropy by the splitting of the host valence bands. 11 The reason for this difference is unclear at present, however, the higher stress level in nanowires compared to thin films could be suggested as one of the possible explanations.
As reported, Mn:Ge nanowires have RT ferromagnetism. It is thus a strong candidate for CMOS compatible DMSbased spintronics. Observation of magnetic anisotropy in this study indicates that nanowires can be ideal building blocks to achieve magnetic anisotropy in DMSs. This may further fuel the potential of the nanowires toward development of spinbased electronics.
